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OBSERVATION SUPPORTING APPARATUS
AND OBSERVATION SUPPORTING
METHOD

TECHNICAL FIELD

The present ivention 1s related to an observation sup-
porting apparatus and an observation supporting method,
and more particularly, to an observation supporting appara-
tus and an observation supporting method which estimate a
position of a moving object which moves on an orbit.

BACKGROUND ART

When estimating an orbit of an object which moves on an
orbit (e.g. an artificial satellite and space debris) by using an
optical observation equipment (e.g. an optical telescope), at
least three coordinate points need to be specified. However,
because the viewing angle 1s narrow 1n the optical observa-
tion equipment, 1t 1s diflicult to detect three coordinate points
of the object moving at high speed through once observa-
tion. Also, even 1f 1t 1s supposed that the three coordinate
points of the moving object can be detected through the once
observation by an observation equipment having the narrow
viewing angle, the orbit estimated based on the coordinate
points contains a large error.

For example, as shown i FIG. 1, in case of an optical
telescope 101 having a relatively wide viewing field 110,
three coordinate points 120-1, 120-2, and 120-3 of the
moving object can be detected 1n the viewing field 110. In
this case, an orbit 130-1 can be estimated by using the
coordinate points 120-1, 120-2, and 120-3. However, when
considering an observation error, the estimate orbit has an
error 1 a range from an orbit 130-2 to an orbit 130-3.
Because the coordinate points 120-1, 120-2, and 120-3 are
detected 1n a narrow viewing field 110, the observation
clongation 10 1s small. Therefore, the error range exem-
plified as a range from the orbit 130-2 to the orbit 130-3
becomes large and the orbit estimation precision becomes
low.

In this way, because the viewing angle of the optical
telescope 1s narrow, 1t 1s diflicult to estimate the orbit of the
object moving at high speed. However, because the angle
resolution of the optical telescope 1s high, it 1s desirable to
estimate the orbit by using the coordinate points observed by
the optical telescope, for orbit estimation 1n a high precision.
For example, Patent Literature 1 (JP 2011-157030A) dis-
closes a method of acquiring orbit data of a flying vehicle 1n
a high precision by using a radar unit and an optical
telescope.

Patent literature 1 determines an observation time and
viewing angle of the optical telescope by using orbit 6
matters which are calculated based on a detection result by
the radar. Thus, the momitoring by the radar with a low angle
resolution can be made up, because 1t becomes possible to
discover and track the flying vehicle moving at a high
angular speed by using the optical telescope with the high
angle resolution.

In Patent Literature 1, the radar monitoring precision can
be made up but 1t 1s necessary to calculate the orbit 6 matters
to determine an observation direction of the optical tele-
scope. In other words, when carrying out a tracking obser-
vation by the optical telescope 1n order to improve the orbit
estimation precision, the orbit 6 matters need to be calcu-
lated based on the radar detection result.

Also, in Patent Literature 1, whether the orbit of the
monitoring object 1s known 1s determined based on the
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comparison result between the known orbits and an orbait
which 1s estimated based on the detection result by the radar.
However, because whether the monitoring object 1s known
or unknown 1s determined after a specifiable orbit (whole

orbit) 1s estimated based on the orbit 6 matters, the efliciency
of the discovery of the unknown object 1s low.

CITATION LIST

[Patent Literature 1] JP 2011-157030A

SUMMARY OF THE INVENTION

From the above, an object of the present invention 1s to
provide an observation supporting apparatus and an obser-
vation supporting method, in which data necessary to esti-
mate the whole orbit can be acquired even in case of an
observation equipment having a narrower viewing field than
a predetermined viewing field.

Also, another object of the present invention 1s to provide
an observation supporting apparatus and an observation
supporting method, which have a high discovery efliciency
of an unknown object.

In an aspect, an observation supporting apparatus of the
present invention includes a position specitying section
configured to specily coordinate points of a moving object
detected 1n a viewing field observable once; and an orbait
estimating section configured to calculate an estimate orbit
of the moving object 1n the viewing field based on the
coordinate points. The orbit estimating section acquires data
necessary to estimate a position of the moving object out of
the viewing field by using the estimate orbit.

The observation supporting apparatus of the present
invention 1s preferably further provided with an orbit deter-
mining section configured to determine whether a whole
orbit of the moving object 1s known or unknown, based on
a result ol comparison between a known orbit in a prede-
termined period which contains a time at which the moving
object 1s detected and the estimate orbit.

Here, 1t 1s desirable that the estimate orbit 1s a primary
curve subjected to approximate linearization. The orbit
determining section determines that the whole orbit of the
moving object 1s known, when an inclination of the estimate
orbit and an inclination of the known orbit coincide with
cach other within a predetermined error.

It 1s desirable that the orbit estimating section determines
a next observation range on an extension of the estimate
orbit. At this time, it 1s desirable that the orbit estimating
section calculates the whole orbit of the moving object by
using the coordinate points of the moving object detected in
the observation direction.

In another aspect, an observation supporting method of
the present invention 1s executed by a computer, and
includes: calculating an estimate orbit of a moving object 1n
a viewing field based on coordinate points of the moving
object detected 1n the viewing field observable once; and
acquiring data necessary to estimate a position of the mov-
ing object out of the viewing field by using the estimate
orbit.

It 1s desirable that the acquiring data includes: determin-
ing whether a whole orbit of the moving object 1s known or
unknown based on a result of comparison between a known
orbit and the estimate orbit 1n a predetermined period which
contains a time at which the moving object 1s detected.

It 1s desirable that the estimate orbit 1s a primary curve
subjected to approximated linearization. The determining
includes: determining that the whole orbit of the moving
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object 1s known, when an inclination of the estimate orbit
and an 1nclination of a known orbit coincide with each other
within a predetermined error.

It 1s desirable that the observation supporting method of
the present invention further includes: determining a next °
observation range on an extension of the estimate orbat.
Also, 1t 1s desirable that the observation supporting method
of the present invention further includes: calculating the
whole orbit of the moving object by using the coordinate
points of the moving object which are detected in the
observation direction.

It 1s desirable that the observation supporting method of
the present invention 1s realized by an observation support
program, which can be recorded in a recording medium and
1s executed by a computer execute.

According to the present invention, the data necessary to
estimate the whole orbit can be acquired by the observation
equipment having a narrower viewing field than a predeter-
mined viewing field.

Also, the discovery efliciency of the unknown object can
be 1mproved.
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BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a conceptual diagram showing an example of a 25

method of estimating an orbit in a conventional technique.

FIG. 2 1s a diagram showing a configuration example of
an observation system of the present invention.

FIG. 3 1s a diagram showing a configuration example of
an observation supporting apparatus of the present mmven-
tion.

FI1G. 4 1s a diagram showing a configuration example of
the observation supporting apparatus in a first embodiment.

FIG. 5 1s a diagram showing an example of a moving
object observed by the observation system of the present
invention and an estimate orbit.

FIG. 6 1s a diagram showing a setting example of the
pointing direction of an optical telescope 1n the observation
supporting apparatus of the present invention.

FI1G. 7 1s a diagram showing an example of an observation
method of a first embodiment.

FIG. 8 1s a diagram showing a configuration example of
an observation supporting apparatus 1 a second embodi-
ment.

FI1G. 9 1s a diagram showing an example of an observation 45
method (a tracking method) of the second embodiment.

FIG. 10 1s a conceptual diagram showing an example of
a method of estimating an orbit according to the present
invention.

FIG. 11 1s a diagram showing a configuration example of 350
the observation supporting apparatus 1n a third embodiment.

FIG. 12 1s a diagram showing an example ol a known
orbit which 1s recorded to a known orbit database according
to the present invention.

FIG. 13 1s a diagram showing an example of a known 55
orbit determining process in the observation supporting
apparatus according to the present invention.

FI1G. 14 1s a diagram showing a configuration example of
the observation supporting apparatus in a fourth embodi-
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FIG. 15 1s a diagram showing an example of the obser-
vation method 1n the fourth embodiment.
DESCRIPTION OF THE EMBODIMENTS
63

Hereinafter, the embodiments of the present nvention
will be described with reference to the attached drawings. In

4

the drawings, 1dentical reference numerals show i1dentical
components. When the components should be distinguished,
additional numbers are added to the reference numerals, and
when the components need not to be distinguished, the
additional numbers are not added. The following embodi-
ments will be described by using as an example, an obser-
vation system using an optical telescope as observation
equipment having a narrow viewing angle.

(Overview)

The observation supporting apparatus of the present
invention calculates an estimate orbit 1in the viewing field
from coordinate points and bright line shape of the observed
moving object. In the present invention, the orientation (the
observation direction) of the observation equipment (e.g. an
optical telescope) 1s set on the extension of the estimate orbit
(a first embodiment). Thus, the tracking of the high-speed
moving object becomes possible even 1f the observation
equipment of a narrow viewing field 1s used. Also, the
observation supporting apparatus 2 of the present mnvention
estimates the whole orbit of the moving object (a second
embodiment) by using the coordinate points of the moving
object observed in the observation direction which 1s set
based on the estimate orbit. Thus, the whole orbit of the
high-speed moving object can be estimated by using the
observation equipment having the narrow viewing field but
a high angle resolution. Moreover, the observation support-
ing apparatus 2 of the present mnvention can determine
whether (the orbit of) the moving object 1s known or
unknown based on the result of the comparison of the known
orbits stored in the database and the estimate orbit (a third
embodiment). At this time, when determined to be unknown,
the observation supporting apparatus 2 of the present inven-
tion estimates the whole orbit of the moving object, like the
second embodiment (a fourth embodiment). According to
the present invention, the unknown moving object can be
ciiciently discovered because whether the orbit of the
moving object 1s known or unknown can be determined
based on the estimate orbit in the viewing field without
estimating the whole orbit. Also, because the coordinate
points of the moving object which are determined to be
unknown can be detected based on the observation elonga-
tion larger than the view angle of the observation equipment
through the tracking observation, the whole orbit of the
moving object can be estimated 1n a high precision.

An observation system and an observation supporting
apparatus of the present invention are eflective for the
observation, the “known or unknown™ object determination
and the orbit estimation of a moving object (artificial satel-
lite or space debris) moving at a high speed on a low orbat
of 200 km to 2000 km above the earth. Especially, 1t 1s
desirable to carry out the “known or unknown” determina-
tion and the determination of the pointing direction (the
observation direction) of an observation equipment by using
the estimate orbit which 1s subjected to linear approximation
of the orbit 1n the viewing field when the moving object 1s
observed at a position where the elevation angle to the
optical telescope 1 1s smaller than a predetermined value.

(Configuration of the Observation System and the Obser-
vation Supporting Apparatus)

Referring to FIG. 2 and FIG. 3, the details of the con-
figuration of the observation system and the observation
supporting apparatus 2 of the present mvention will be
described. FIG. 2 1s a diagram showing a configuration
example of the observation system of the present invention.
Referring to FIG. 2, the observation system of the present
invention includes the optical telescope 1 and the observa-
tion supporting apparatus 2 connected through a network 3.
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The optical telescope 1 includes a CCD sensor, and
digitalizes an 1mage 1maged through an optical system by

the CCD sensor, to output to the observation supporting
apparatus 2 through the network 3. It 1s desirable that the
optical telescope 1 is installed on an altazimuth mount or an
equatorial mount which can change the observation direc-
tion 1n response to a control signal. In this case, 1t 1s desirable
that the observation direction of the optical telescope 1 can
be changed i1n response to the control signal from the
observation supporting apparatus 2. Also, it 1s desirable that
the optical telescope 1 1s a telescope of large aperture which
can achueve a good angle resolution. In this case, the optical
telescope 1 of a large aperture 1s operated for a fixed
observation direction for detection of an unknown object.
Also, the optical telescope 1 having a relatively light-weight,
a small aperture and a wide viewing field 1s operated for
tracking of the moving object.

The network 3 i1s a network such as the Internet, LAN
(Local Area Network) and WAN (Wide Area Network) and
a communications line such as a leased line.

FIG. 3 1s a block diagram showing a configuration
example of the observation supporting apparatus 2 of the
present 1nvention. Referring to FIG. 3, the observation
supporting apparatus 2 includes a CPU 201 (to be also
referred to as an processing unit), a memory 202, an input
unit 203, an output unit 204, a storage unit 2035, a commu-
nication unit 207, which are all connected with each other
through a bus 206. The mput unit 203 1s exemplified by a
keyboard and a mouse and 1s operated by a user to output
various data to the CPU 201 and the storage umt 203. The
output unit 204 1s exemplified by a monitor and a printer and
visibly outputs an observation result and orbit data supplied
from the CPU 201 to the user. The storage unit 205 1s an
external storage unit such as a hard disk and a memory. The
communication unit 207 1s an interface connected with the
optical telescope 1 through the network 3 and controls
communication with the optical telescope 1.

An observation support program 350 1s stored in the
storage unit 205. The CPU 201 realizes a position speciiying
section 301, an orbit estimating section 302, and a control
section 503, an orbit determining section 304 to be described
later by executing the observation support program 50 1n the
storage unit 205. In this case, various types of data and the
program are stored 1n the memory 202 from the storage unit
205 temporarily and the CPU 201 performs various types of
processing by using the data in the memory 202.

First Embodiment

Referring to FI1G. 4 to FIG. 7, the observation system and
the observation supporting apparatus 2 according to a first
embodiment of the present invention will be described. The
observation supporting apparatus 2 of the first embodiment
calculates an estimate orbit 100 in a viewing field 10 from
coordinate points and the shape of a bright line of the
observed moving object and sets the observation direction of
the optical telescope 1 onto the extension of the estimate
orbit 100. FIG. 4 1s a functional block diagram showing a
configuration example of the observation supporting appa-
ratus 2 of the first embodiment. Referring to FIG. 4, the CPU
201 1n the first embodiment realizes each function of the
position specilying section 501, the orbit estimating section
502 and the control section 503 by executing the observation
support program 0.

The position specifying section 501 analyzes the image
imaged by the optical telescope 1 and specifies a moving
object. For example, when the optical telescope 1 images
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through the exposure 1n a period T1 of a time t1 to a time 12
in a predetermined fixed observation direction, the moving
object 1s 1maged as a bright line 21 shown 1n FIG. 5. In this
case, the position speciiying section 501 specifies the bright
line having a length longer than a predetermined value 1n the
image as the bright line 21 of the moving object. Or, when
imaged at the time t1 and the time t2, a period between
which 1s the period T1, by the optical telescope 1 1n the
predetermined {fixed observation direction, the moving
object 15 detected as light points spaced by a fixed distance
(not shown). In this case, the position specitying section 501
specifies the light points separated by a distance longer than
a predetermined value 1n the 1image as the light points of the
moving object. The position specifying section 501 extracts
and stores coordinate points 20 on the bright line or the light
points of the moving object in the storage unit 205. In this
case, 1t 1s desirable that the coordinate point 20 1s repre-
sented 1n right ascension and declination on the equatorial
coordinate system.

The orbit estimating section 502 calculates the estimate
orbit 100 1n the viewing field 10 of the optical telescope 1
and determines the pointing direction (the observation direc-
tion) of the optical telescope 1 by using this. In detail, the
orbit estimating section 502 calculates an approximate curve
of the bright line from the shape of the bright line 21
specified as the bright line of the moving object and the
coordinates on the bright line 21 and outputs the approxi-
mate curve as the estimate orbit 100. For example, referring
to FIG. 6, the orbit estimating section 502 calculates a
primary straight line obtained by extending the bright line 21
in a longitudinal direction as the estimate orbit 100. Or, the
orbit estimating section 502 calculates a straight line which
links two points on the bright line 21 specified as the bright
line of the moving object, as the estimate orbit 100. More-
over, the orbit estimating section 302 may calculate as the
estimate orbit 100, a secondary or higher order approximate
curve from a plurality of points on the bright line 21
specified as the bright line of the moving object. Also,
although not shown, when two or more light points are
speciflied as points on the bright line of the moving object,
the approximate curve obtained by using the coordinates of
the two or more light points (the primary straight line or
secondary or high order approximate curve) 1s calculated as
the estimate orbit 100. Note that the estimate orbit 100
obtained by the linear approximation i1s eflective for the
moving object which moves on an orbit which 1s lower than
a predetermined height (e.g. equal to or less than 2000 km),
and the estimate orbit 100 obtained by the secondary or
higher order curve approximation 1s eflective for the moving
object which moves on the orbit which 1s higher than the
predetermined height.

The orbit estimating section 302 determines the pointing,
direction 11 of the optical telescope 1 on the extension of the
estimate orbit 100 outside the viewing field 10. In detail, as
shown 1n FIG. 6, the orbit estimating section 502 extends the
estimate orbit 100 1n the viewing field 10-1 observed for a
predetermined period to a point out of the viewing field
10-1, and determines a tracking line 400. The orbit estimat-
ing section 502 sets a coordinate point separated by a
predetermined observation elongation to the predetermined
coordinate point on the tracking line 400 1n the viewing field
10-1, as the pointing direction 11 of the optical telescope 1.
Here, it 1s desirable that the observation elongation which
determines the pointing direction 11 1s set according to an

angular speed of the moving object which 1s determined
based on the observation period T1 and the length of the
bright line 21 1n the viewing field 10-1. Also, 1t 1s desirable
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that the coordinates of an original point for determination of
the pointing direction 11 1n the viewing field 10-1 are on the
bright line 21 at a predetermined time. Also, 1t 1s desirable
that the pointing direction 11 1s stored in the storage unit
205.

The control section 503 controls the observation direction
(pointing direction) of the optical telescope 1 based on the
pointing direction 11 determined by the orbit estimating
section 502. At this time, the control section 503 may control
the optical telescope 1 which i1s the same as the optical
telescope 1 which has detected the moving object and may
control an optical telescope 1 which 1s different from the
optical telescope 1 which has detected the moving object.
For example, as shown m FIG. 7, when the observation
system includes a plurality of optical telescopes 1-1 in which
the observation direction 1s fixed, and an optical telescope
1-2 for the tracking operation, the control section 503 may
control the optical telescope 1-2 to the pointing direction 11
calculated based on the coordinates of the moving object
which has been detected by the optical telescope 1-1. It 1s
casy to track the object moving at high speed by preparing
the optical telescopes 1-1 which detects the moving object
and the optical telescope 1-2 for the tracking operation.
Also, as shown 1n FIG. 7, 1t 1s easy to detect an unknown
moving object whose orbit 1s unknown by preparing the
plurality of optical telescopes 1-1 to observe fixed observa-
tion ranges and always monitoring the fixed observation
ranges. Note that the control section 503 may output the
control signal for changing the observation direction of the
optical telescope 1 but may output data indicating the
pointing direction 11 to the optical telescope 1. Also, the
control section 503 may be omitted.

By turning the observation direction of the optical tele-
scope 1 to the pointing direction 11 before a reaching time
of the moving object to the pointing direction 11 which 1s
estimated based on the angular speed of the moving object,
it 1s possible to catch the moving object in the following
viewing field 10-2. Also, when (the bright line 21 of) the
moving object 1s observed in the viewing field 10-2 after the
tracking operation, the observation supporting apparatus 2 in
the present embodiment can calculate the estimate orbit 100
in the same way as described above, and specily the fol-
lowing pointing direction 11 by using the calculated estimate
orbit 100. Also, the observation supporting apparatus 2 can
control the optical telescope 1 to the pointing direction 11.
In this way, according to the observation supporting appa-
ratus 2 of the present invention, it 1s possible to acquire data
necessary to estimate the whole orbit (1n this example, the
pointing direction 11 necessary for the tracking operation
and the coordinate points of the moving object) even by an
observation equipment in which the viewing field 10 1s
smaller than a predetermined size (e.g. the optical telescope
1). Also, according to the present invention, it 1s possible to
carry out the tracking observation of the moving object 1n
which the whole orbit 1s not known, only by the optical
telescopes 1.

In the present embodiment, because the position of the
moving object out of the viewing field 10 can be predicted
by using the trajectory (the bright line 21) of the moving
object observed in the viewing field 10 of the optical
telescope 1, 1t 1s possible to predict and acquire a coordinate
point of the moving object 1n the observation elongation
which 1s larger than the viewing angle of the optical tele-
scope 1. Also, in the present embodiment, because the
moving object can be tracked based on the estimate orbit 100
in the viewing field 10 without calculating the orbit 6 matters
of the moving object, an error risk when calculating the
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whole orbit specified by the orbit 6 matters can be excluded,
in addition to reduction of the observation cost required for
the tracking.

Second Embodiment

Referring to FI1G. 8 to FIG. 10, the observation system and
the observation supporting apparatus 2 according to the
second embodiment of the present invention will be
described. The observation supporting apparatus 2 of the
second embodiment estimates the whole orbit of the moving
object (e.g. the orbit around the earth) by using the coordi-
nate points of the moving object detected 1in the large
observation elongation while tracking the moving object 1n
the similar way to the first embodiment. FIG. 8 1s a func-
tional block diagram showing the configuration example of
the observation supporting apparatus 2 in the second
embodiment. Referring to FI1G. 8, the CPU 201 1n the second
embodiment executes the observation support program 50 to
realize each function of the position specilying section 501,
the orbit estimating section 302 and the control section 503.

The position specilying section 501 analyzes the image
which 1s 1imaged by the optical telescope 1 and specifies the
moving object, like the first embodiment. The position
speciiying section 501 stores the coordinate points or light
points 20 (20-1, 20-2, . . . ) on a bright line 21 specified as
the trajectory of the moving object 1n the storage unit 205 as
observation result data. Note that it 1s desirable that the
coordinate point 20 to be stored as the positions of the
moving object are a coordinate point on the bright line 21 1n
a predetermined time.

The orbit estimating section 502 calculates the estimate
orbit 100 1n the viewing field 10 of the optical telescope 1
and determines the poimnting direction 11 of the optical
telescope 1 by using the estimate orbit 100, like the first
embodiment. Also, the orbit estimating section 502 of the
present embodiment calculates the whole orbit 30 of the
moving object based on the observation result data which
have been stored as the coordinate points 20 of the moving
object. In detailed, the observation supporting apparatus 2 of
the present embodiment stores at least three coordinate
points of the moving object by repeating the calculation of
the pointing direction 11 of the optical telescope 1 and the
detection of the coordinate point 20 of the moving object 1n
the pointing direction 11, in the same way as the first
embodiment. The orbit estimating section 502 calculates the
whole orbit 30 which can be specified based on the orbit 6
matters (semi-major axis, eccentricity, orbit inclination,
ascending right-ascension, argument of perigee, anomaly)
according to a predetermined algorithm (e.g. Gauss method,
WR method or Gooding method) by using the coordinate
data (right-ascension, declination) of at least three points of
the moving object. It 1s desirable that the calculated whole
orbit 30 1s stored in the orbit database 300. The orbit
database 300 may be provided for the observation support-
ing apparatus 2 and may be provided for an external system.

The control section 503 controls the observation direction
(the pointing direction) of the optical telescope 1 based on
the pointing direction 11 obtained by the orbit estimating
section 502, like the first embodiment.

Referring to FIG. 9 and FIG. 10, a specific example of the
orbit estimating method of the moving object by the obser-
vation system of the present embodiment will be described.
Referring to FIG. 9, when a coordinate point 20-1 of the
moving object 1s detected 1 a viewing field 10-1 by the
optical telescope 1-1, the observation supporting apparatus
2 calculates the estimate orbit 100 1in the viewing field 10-1
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and sets a next pointing direction 11 by using the estimate
orbit 100. The optical telescope 1-2 observes the set pointing

direction 11 at a predetermined time and detects a coordinate
point 20-2 of the moving object 1n a viewing field 10-2. At
this time, the observation supporting apparatus 2 calculates
the estimate orbit 100 in the viewing field 10-2 and sets a
next pointing direction 11 by using the calculated estimate
orbit 100. The optical telescope 1-2 observes the set pointing
direction 11 at a predetermined time and detects a coordinate
point 20-3 of the moving object 1n a viewing field 10-3. At
this time, the observation supporting apparatus 2 calculates
the estimate orbit 100 in the viewing field 10-3 and sets a
next pointing direction 11 by using the calculated estimate
orbit 100. Hereinatter, in the same way, the optical telescope
1-2 detects a coordinate point 20-4 1n a viewing field 10-4
and a coordinate point 20-5 1n a viewing field 10-5, . . . .

Referring to FIG. 10, the observation supporting appara-
tus 2 calculates the whole orbit 30-1 based on at least three
of the detected coordinate points 20 (e.g. coordinate points
20-1, 20-2, and 20-3). Here, because each of the coordinate
points 20-1, 20-2, and 20-3 has an observation error, the
calculated orbit includes an error in a range of the whole
orbit 30-2 to the whole orbit 30-3. However, in the present
invention, the observation elongation ol among the
observed coordinate points 20 of the moving object 1s larger
than the viewing angle of the viewing field 10. That 1s, the
observation elongation ¢l 1s larger than the observation
clongation 10 1n the conventional example shown in FIG.
1, and an error range of the whole orbit 30 becomes small
and the orbit estimation 1n a high precision becomes pos-
sible.

According to the observation supporting apparatus 2 of
the second embodiment, 1t 1s possible to acquire data nec-
essary to estimate the whole orbit (in this example, the
pointing direction 11 and the coordinate point of the moving,
object, which are required for the tracking operation) even
il an observation equipment (e.g. the optical telescope 1) 1s
used which has the viewing field 10 smaller than a prede-
termined size, like the first embodiment. Also, the tracking
observation of the moving object whose whole orbit 1s not
known becomes possible by using only the optical tele-
scopes 1.

Also, 1n the present embodiment, because a position of the
moving object out of the viewing field 10 can be estimated
by using the trajectory (the bright line 21) of the moving
object which has been observed in the viewing field 10 of the
optical telescope 1, 1t 1s possible to acquire the coordinate
points of the moving object 1n the observation elongation
larger than the viewing angle of the optical telescope 1.
Moreover, 1n the present embodiment, because the moving
object can be tracked based on the estimate orbit 100 1n the
viewing field 10 without calculating the orbit 6 matters of
the moving object, the observation cost for the tracking
operation can be reduced and an error risk when the orbit 6
matters are calculated can be excluded.

Moreover, 1n the present embodiment, because the obser-
vation supporting apparatus 2 detects the coordinate point
(right-ascension, declination) of the moving object in the
observation elongation larger than the viewing angle and
uses the detected coordinate points for the orbit estimation,
the whole orbit 30 specified based on the orbit 6 matters (e.g.
the orbit around the earth) can be precisely estimated.

Third Embodiment

Referring to FIG. 11 to FIG. 13, the observation system
and the observation supporting apparatus 2 according to a
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third embodiment of the present invention will be described.
The observation supporting apparatus 2 of the third embodi-
ment determines whether (the orbit of) the moving object 1s
known or unknown based on the comparison result of the
estimate orbit in the viewing field 10 and known orbits
stored 1n the database. FIG. 11 1s a functional block diagram
showing the configuration example of the observation sup-
porting apparatus 2 of the third embodiment. Referring to
FI1G. 11, the CPU 201 1n the third embodiment executes the
observation support program 30 to realize each of the
functions of the position specifying section 501, the orbit
estimating section 502 and the orbit determining section
504.

The position specifying section 501 analyzes the image
data 1maged by the optical telescope 1 and specifies the
moving object, like the first embodiment. The orbit estimat-
ing section 502 calculates the estimate orbit 100 in the
viewing lield 10 of the optical telescope 1, like the first
embodiment.

The orbit determiming section 504 compares the whole
orbit of known moving object (hereinaiter, to be referred to
as a known orbit) which 1s stored 1n the orbit database 300
and the estimate orbit 100 calculated by the orbit estimating
section 302. The orbit determining section 504 determines
(the orbit of) the observed moving object to be known when
both coincide with each other in a predetermined range, and
determines (the orbit of) the object to be unknown when
both do not coincide each other.

In detail, data of the orbit of the moving object which can
be specified based on the orbit 6 matters are stored in the
orbit database 300. The orbit determining section 504
extracts known orbits 200 1n the viewing field 10 at an
observation time (or 1 an observation period) and the
pointing direction (the observation direction) from the orbit
database 300 based on the observation time (or the obser-
vation period) when the moving object 1s 1maged. At this
time, 1t 1s desirable that the time range when extracting the
known orbits 200 1s set as a period which contains the
observation time. For example, it 1s desirable that the orbat
in the period which has an error range “AT” added to the
front portion and the rear portion of the observation time 1s
extracted as the known orbit 200. An error range “A1”
shows a time error estimated from a position estimation
error to the direction of the progress of the moving object.
For example, the error range “AT” 1s determined by con-
verting an error of the direction of the progress of the
moving object which 1s determined from the orbit estimation
precision of the publication TLE (Iwo Line Element) into a
time error. Specifically, the error range “A’1” 1s determined
from “an error of the direction of the progress after a
predetermined period (e.g. X days) from the orbit estima-
tion” which has been published 1n the TLE orbit estimation
precision 1n the height of the known orbit. FIG. 12 15 a
diagram showing an example of the known orbits 200 in the
same pointing direction (the observation direction) and
viewing field 10 as the observation result shown 1n FIG. 5.
In this case, the known orbits 200-1, 200-2, and 200-3 of the
moving object which crosses the viewing field 10 are shown
in the period 1n which the time error “AT” 1s added to the
observation time of the observation result shown 1 FIG. 5.
Note that it 1s suflicient that the extraction range of the
known orbits 200 extracted to carry out the “known or
unknown” determination 1s a period which can be compared
with the estimate orbit 100 and may be set in an optional
period.

The orbit determiming section 304 compares the known
orbits 200 and the estimate orbit 100 calculated based on the
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detected bright line 21. At this time, the orbit determining
section 304 determines whether the estimate orbit 100 and
the known orbits 200 coincide with each other in a prede-
termined range (to be referred to as “determination condi-
tion”). For example, 1n case where the estimate orbit 100
shows a primary straight line, when a difference *“/0-0"
between an inclination “0™ of the estimate orbit 100 and an
inclination “0” of the known orbit 200 (or, a approximated
primary straight line of the known orbit 200) 1s smaller than

L Y

a determination condition “A0”, and when a distance *“p
from a point on the known orbit 200 which 1s the nearest to
a predetermined coordinate point 22 on the bright line 21 1s
smaller than a determination condition “Ap”, 1t 1s deter-
mined that the estimate orbit 100 and the known orbit 200

coincide with each other under the determination condition.
FIG. 13 1s a diagram showing an example of the determi-
nation processing 1 which the observation result shown in

FIG. 5 and the known orbit shown in FIG. 12 are displayed

together. Referring to FIG. 13, when the difference from the
inclination “0" of the estimate orbit 100 1s smaller than “A0”

and the shortest distance “p” from the predetermined coor-
dinate point 22 on the bright line 21 (the central point of the
bright line 21 1n this case) 1s smaller than Ap, the known
orbit 200-1 1s determined to coincide with the estimate orbit
100 under the determination condition. Here, when there 1s
the known orbit 200 which meets the determination condi-
tion, that 1s, when there 1s the known orbit 200 which
coincide with the estimate orbit 100 under the determination
condition, the orbit determining section 504 determines (the
orbit of) the observed moving object to be known. On the
other hand, when there 1s not a known orbit 200 which meets
the determination condition, that 1s, when all of the extracted
known orbits 200 do not coincide with the estimate orbit 100
under the determination condition, the orbit determiming
section 304 determines (the orbit of) the observed moving
object to be unknown. For example, 1t 1s desirable that the
observation error of the optical telescope 1 1s set as the
determination condition “A8”. Also, 1t 1s desirable that the
determination condition “Ap” 1s a position error of the
publication TLE. For example, the position error prescribed
in the TLE orbit estimation precision in the height of the
known orbit 1s set as Ap. Note that 1t 1s desirable that the
determination condition “A0” 1s variable based on the shape
(length) of the observed bright line 21, the observation
clevation angle, and the exposure time. Also, 1t 1s desirable
that the determination condition “Ap™ 1s vaniable to each
known orbit based on the estimated date and time of the
known orbit like the error range “AT”. Thus, it 1s possible to
estimate the orbit in a higher ef1¢1ency

In the present invention, not a difference between the
coordinate point of the moving object at a predetermined
time and the coordinate point on the known orbit but a
difference 1n the inclination between the estimate orbit 100
and the known orbit 1n a predetermined period 1s used as the
determination condition (tolerance) of the “known or
unknown” determination. An error of the known orbit which
has been registered on the orbit database 300 contains an
error to the direction of the progress. Therefore, if the
“known or unknown” determination 1s carried out by using
an “inclination” obtained by differentiating the position with
the time, 1t 1s possible to carry out the “known or unknown”
determination, excluding an error to the direction of the
progress. Thus, 1t 1s possible to carry out the “known or
unknown” determination of the moving object without
undergoing ntluence of the error of the known orbit which

has been registered on the orbit database 300.
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The observation supporting apparatus 2 of the present
embodiment determines whether (the orbit of) the moving

object 1s known or unknown based on the trajectory (the
bright line 21) of the moving object 1n the viewing field
which has been detected in the once observation. In other
words, the observation supporting apparatus 2 of the present
embodiment carries out the “known or unknown” determi-
nation of the moving object based on one orbit, at a
predetermined observation time, of the known orbits. That
1S, because the “known or unknown” determination of the
moving object can be made by using the observation result
in a predetermined observation period without estimating
the whole orbit, the observation supporting apparatus 2 can
ciliciently discover an unknown object.

According to the observation supporting apparatus 2 of
the third embodiment, 1t 1s possible to acquire the data which
are necessary to estimate the whole orbit (in this example,
the data showing whether the detected moving object 1s
known or unknown) even by the observation equipment (e.g.
the optical telescope 1) having a viewing field 10 smaller
than a predetermined size. Also, 1n the present embodiment,
because whether the moving object 1s known or unknown 1s
determined based on the estimate orbit 100 in the viewing
field 10 without calculating the orbit 6 matters of the moving
object, the observation cost for the “known or unknown”
determination can be reduced.

Fourth Embodiment

Referring to FIG. 14 to FIG. 15, the observation system
and the observation supporting apparatus 2 according to a
fourth embodiment of the present invention will be
described. The observation system and the observation sup-
porting apparatus 2 of the fourth embodiment can carry out
a combination of the operations in the first to third embodi-
ments. That 1s, the observation system and the observation
supporting apparatus 2 of the fourth embodiment carries out
the “known or unknown” determination of the moving
object 1n the same method as the third embodiment. When
determining to be the unknown object, the observation
system and the observation supporting apparatus 2 carry out
the estimation of the whole orbit (the orbit around the earth)
of the moving object, in the same method as the second
embodiment. FIG. 14 1s a functional block diagram showing
a configuration example of the observation supporting appa-
ratus 2 of the fourth embodiment. Referring to FIG. 14, the
CPU 201 according to the fourth embodiment executes the
observation support program 30 to realize each of the
functions of the position specifying section 501, the orbit
estimating section 502, the control section 503 and the orbit
determining section 504

The orbit estimating section 502 of the fourth embodi-
ment determines whether or not an orbit 1s to be estimated
based on the “known or unknown” determination result.
Specifically, the orbit estimating section 502 does not esti-
mate an orbit when the detected moving object 1s known,
and specifies the known orbit 200 determined to coincide
with the estimate orbit 100 under the determination condi-
tion as the orbit of the moving object. On the other hand,
when the detected moving object 1s unknown, the orbit
estimating section 302 calculates the pointing direction 11,
controls the observation direction of the optical telescope 1
by the control section 503, and carries out the tracking
observation, like the second embodiment. Then, the orbit
estimating section 502 calculates the whole orbit (e.g. the
orbit around the earth) which can be specified based on the
orbit 6 matters by using the observation result of the optical
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telescope 1. Because an operation except these functions 1s
the same as 1n the first to third embodiments, a detailed
description 1s omitted.

FIG. 15 1s a flow diagram showing an operation example
of the observation system of the fourth embodiment. Refer-
ring to FIG. 15, the observation supporting apparatus 2
makes an observation plan in response to an operation by the
user (Step S101). For example, the setting of a pointing
direction and the time in the observation of the optical
telescope 1-1 which observes the moving object, and the
setting of an observation possible area of the optical tele-
scope 1-2 tracking the moving object after the detection of
the moving object are prescribed as the observation plan.

The observation supporting apparatus 2 controls the opti-
cal telescope 1-1 in which the observation direction 1is
fixedly set as shown 1n FIG. 5, based on the observation
plan, so as to execute the search observation (Step S102).
The optical telescope 1-1 images the observation direction
which 1s instructed from the observation supporting appa-
ratus 2 at a predetermined time or for a predetermined
period. It 1s desirable that an i1maging parameter (for
example, are exposure time, a focal distance, a viewing
angle, a magnification, a diaphragm) 1s previously set based
on the observation plan. Also, 1t 1s desirable that a plurality
of optical telescopes 1-1 are used for the observation and
that a wide region 1s 1maged spatially and continuously in
cooperation to the plurality of optical telescopes 1-1.

When the moving object 1s detected, the observation
supporting apparatus 2 extracts the coordinate point of the
moving object (Steps S103, S104). At thus time, the obser-
vation supporting apparatus 2 extracts the coordinate point
which show the position of the moving object and the
coordinate point used for the calculation of the estimate orbit
100. However, both may be the same coordinate point. It 1s
desirable that the extracted coordinate point contains a
right-ascension and a declination of the equatorial coordi-
nate system. For example, the observation supporting appa-
ratus 2 extracts the coordinate points of two ends on the
bright line 21 (trajectory) showing the detected moving
object as the coordinate points for calculating the estimate
orbit 100, and extracts the coordinate points on the bright
line 21 at a predetermined time as the coordinate points
showing the position of the moving object. For example, the
observation supporting apparatus 2 extracts one of the two
ends on the bright line 21 (for example, the older observa-
tion time) or the center point of the bright line 21 as a
coordinate point showing the position of the moving object.

The observation supporting apparatus 2 determines
whether (the orbit of) the detected moving object 1s known
or unknown (Step S105). In this case, the estimate orbit 1s
calculated 1n the same way as the third embodiment, and the
“known or unknown” determination of the moving object 1s
carried out through comparison with each of the known
orbits 1n the orbit database 300. In this case, when deter-
miming that the moving object 1s known, the observation
supporting apparatus 2 visibly outputs the orbit coinciding
under the determination condition from the output unit 204
as the whole orbit of the moving object. Thus, the orbit
detection processing 1s ended (Step S1035; Yes). On the other
hand, when determining that the moving object 1s unknown,
the observation supporting apparatus 2 determines the point-
ing direction 11 by using the estimate orbit 100 based on the
bright line 21, and controls the tracking optical telescope 1-2
and starts the tracking of the moving object (Step S106).

At the step S106, the observation supporting apparatus 2
sets a next pointing direction 11 of the optical telescope 1 on
a tracking (predicted) line 400 obtained by extending the
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estimate orbit 100, like the second embodiment. The track-
ing optical telescope 1-2 awaits the moving object 1n the set
pointing direction 11 and observes the moving object at a
predetermined time. When detecting the moving object at
the step S106, the observation supporting apparatus 2
extracts the coordinate point showing the position of the

moving object and the coordinate point used for the calcu-
lation of the estimate orbit 100, like the step S104 (Step
S107). The operation of steps S106 and S107 1s repeatedly

carried out until coordinate points of the number (e.g. a
defined quantity) which 1s necessary to estimate an orbit are

acquired (Step S108; No). Note that the bright line 21 of the

moving object 1s detected through the tracking operation at
the step S106, and the “known or unknown™ determination
may be carried out, like the step S105. That 1s, the “known
or unknown” determination may be carried out plural times
according to the observation result after the tracking opera-
tion.

When three or more coordinate points of the moving
object are acquired, the observation supporting apparatus 2
estimates the whole orbit by using the coordinate points, 1n
the same way as the second embodiment (Step S109). The
specified whole orbit 1s stored 1n the orbit database 300 (Step
S110).

As mentioned above, the observation supporting appara-
tus 2 of the present embodiment carries out the “known or
unknown” determination based on the trajectory (the bright
line 21) of the moving object in the viewing field detected
through once observation and determines whether or not the
tracking observation for calculation of the orbit should be
carried out according to the determination result. The obser-
vation supporting apparatus 2 of the present embodiment
can carry out the “known or unknown” determination of the
moving object by using the observation result in a prede-
termined observation period without estimating the whole
orbit, like the third embodiment. Therefore, the unknown
object can be efliciently discovered.

Also, according to the observation supporting apparatus 2
of the fourth embodiment, the data necessary to estimate the
whole orbit (the pointing direction 11 necessary to track, the
coordinate points of the moving object, and the data showing
whether or not the detected moving object 1s known) can be
acquired even by the observation equipment having the
viewing lield 10 smaller than a predetermined size (e.g. the
optical telescope 1), like the first embodiment. Also, the
tracking observation and the estimation of the whole orbit 30
of the moving object whose whole orbit 1s not known
become possible only by the optical telescope 1.

Also, 1n the present embodiment, because the position of
the moving object out of the viewing field 10 can be
estimated by using the trajectory (the bright line 21) of the
moving object which 1s observed in the viewing field 10 of
the optical telescope 1, 1t 1s possible to acquire the coordi-
nate point of the moving object 1n the observation elongation
which 1s larger than the viewing angle of the optical tele-
scope 1. Moreover, 1n the present embodiment, because the
moving object 1s tracked based on the estimate orbit 100 in
the viewing field 10 without calculating the orbit 6 matters
of the moving object, the observation cost necessary for the
tracking operation can be reduced and an error risk when
calculating the orbit 6 matters can be excluded.

Moreover, the observation supporting apparatus 2 in the
present embodiment detects the coordinates (the right-as-
cension, the declination) of the moving object at the obser-
vation elongation which 1s larger than the viewing angle, and
the coordinate points are used for the orbit estimation.
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Therefore, the whole orbit 30 (e.g. the orbit around the earth)
specified by the orbit 6 matters can be precisely estimated.

In the above, the embodiments of the present ivention
have been described in detail. However, the specific con-
figuration 1s not limited to the above embodiments and a
modification 1n the range which does not deviate from the
scope of the present invention 1s contained in the present
invention. Also, the first to fourth embodiments can be
combined in the range which the techmical contradiction
does not occur. Note that the whole orbit which 1s estimated
in the present invention 1s not limited to the orbit around a
star, and may be a parabola orbit of the moving object.

This application claims a priority on convention based on
Japanese Patent Application JP 2014-098109 filed on May 9,
2014. The disclosure thereof 1s incorporated herein by
reference.

What 1s claimed 1s:

1. An observation supporting apparatus comprising:

a plurality of first earth-based telescopes configured to
detect a moving object, the plurality of first earth-based
telescopes having fixed observation directions, and the
moving object orbiting the earth;

a second earth-based telescope configured to detect the
moving object; and

a computer configured to control an observation direction
of the second earth-based telescope, the computer com-
prising;:

a storage unit configured to store a program; and
a processing unit configured to executing the program
to realize:
a position specifying section configured to specily a
coordinate point of the moving object detected 1n
a viewing field through observation with one of
the plurality of first earth-based telescopes;
an orbit estimating section configured to calculate an
estimate visual trace of the moving object in the
viewing field based on three or more coordinate
points and to determine a new viewing field by
using the estimate visual trace; and
a control section configured to control the second
carth-based telescope to turn the observation
direction to the new viewing field,

wherein the orbit estimating section i1s configured to
acquire data used to estimate a position of the moving
object 1n the new viewing field and to calculate a whole
orbit of the moving object by using coordinate points of
the moving object detected 1n an observation range
containing the viewing field and the new viewing field.

2. The observation supporting apparatus according to
claim 1, wherein the orbit estimating section 1s configured to
determine whether the whole orbit of the moving object 1s
known or unknown, based on a result of a comparison
between a known orbit visual trace 1n a predetermined
period, which contains a time of detection of the moving
object, and the estimate visual trace.

3. The observation supporting apparatus according to
claim 2, wherein the orbit estimating section determines that
the whole orbit of the moving object 1s known, when the
estimate visual trace 1s a primary curve subjected to approxi-
mate linearization, and an inclination of the estimate visual
trace and an mclination of the known orbit visual trace
comncide with each other within a predetermined error.

4. The observation supporting apparatus according to
claim 1, wherein the orbit estimating section determines the
new viewing field on an extension of the estimate visual
trace.
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5. The observation supporting apparatus according to
claim 1, wherein the plurality of first earth-based telescopes
and the second earth-based telescope are optical telescopes.

6. The observation supporting apparatus according to
claim 1, wherein the coordinate points are on an equatorial
coordinate system.

7. The observation supporting apparatus according to
claim 1, wherein the plurality of first earth-based telescopes
are configured to be arranged such that viewing field of the
plurality of first earth-based telescopes are aligned in a line.

8. The observation supporting apparatus according to
claim 1, wherein an elevation angle of each of the plurality
of first earth-based telescopes 1s lower than an elevation
angle of the second earth-based telescope.

9. An observation supporting method which 1s executed
by a computer, the observation supporting method compris-
ng:

specilying a coordinate point of a moving object detected

in a viewing field through observation with one of a
plurality of first earth-based telescopes, the moving
object orbiting the earth;

calculating an estimate visual trace of a moving object 1n

a viewing field based on three or more coordinate
points of the moving object detected 1n the viewing
field; and

determining a new viewing field by using the estimate

visual trace;

controlling a second earth-based telescope to turn an

observation direction of the second earth-based tele-
scope to the new viewing field;

acquiring data used to estimate a position of the moving

object 1n the new viewing field; and

calculating a whole orbit of the moving object by using

coordinate points of the moving object detected in an
observation range containing the viewing field and the
new viewing field,

wherein observation directions of the plurality of first

carth-based telescopes are fixed.

10. The observation supporting method according to
claim 9, wherein the acquiring of the data comprises

determiming whether the whole orbit of the moving object

1s known or unknown based on a result of a comparison
between a known orbit visual trace and the estimate
visual trace 1n a predetermined period which contains a
time at which the moving object 1s detected.

11. The observation supporting method according to
claim 10, wherein a determination 1s made that the whole
orbit of the moving object 1s known, when the estimate
visual trace 1s a primary curve subjected to approximate
linearization, and an inclination of the estimate visual trace
and an inclination of the known orbit visual trace coincide
with each other within a predetermined error.

12. The observation supporting method according to
claim 10, wherein the new viewing field 1s determined on an
extension of the estimate visual trace.

13. The observation supporting method according to
claim 9, wherein the plurality of first earth-based telescopes
and the second earth-based telescope are optical telescopes.

14. The observation supporting method according to
claim 9, wherein the coordinate points are on an equatorial
coordinate system.

15. A non-transitory computer-readable recording
medium which stores a computer-executable observation
support program to make a computer execute an observation
supporting method comprising:
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speciiying a coordinate point of a moving object detected
in a viewing field through observation with one of a
plurality of first earth-based telescopes, the moving
object orbiting the earth;

calculating an estimate visual trace of the moving object 5
in the viewing field based on three or more coordinate
points of the moving object detected in the viewing
field;

determining a new viewing field by using the estimate
visual trace; 10

controlling a second earth-based telescope to turn an
observation direction of the second earth-based tele-
scope to the new viewing field;

acquiring data used to estimate a position of the moving
object 1n the new viewing field; and 15

calculating a whole orbit of the moving object by using
coordinate points of the moving object detected 1n an
observation range contaiming the viewing field and the
new viewing field,

wherein observation directions of the plurality of first 20
carth-based telescopes are fixed.
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